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Charge exchange ionization in collision cells installed in a double focusing mass spectrometer
with reversed geometry has been used to detect the presence of a long-lived excited electronic
state of benzene ion. In particular, the first collision cell located between the ion source and the
magnetic sector was modified to serve as an ion source for the reagent ion generated by charge
exchange with the primary ion. Strong reagent ion signals were observed when the ionization
energies of the reagents (1,3-C4H6, CS2, CH3Cl) were lower than the recombination energy
(;11.5 eV) of the excited state benzene ion, while the signals were negligible for reagents
(CH3F, CH4) with higher ionization energy. The fact that a strong signal is observable only for
electronically exoergic charge exchange is useful for detecting the presence of a long-lived
electronically excited state. (J Am Soc Mass Spectrom 2001, 12, 1120–1126) © 2001 American
Society for Mass Spectrometry
One of the main assumptions in the originalformulation of the theory of mass spectra [1]was that the rate of dissociation of an ion will be
slow relative to the rate of redistribution of energy of
the internal degrees of freedom, both electronic and
vibrational. Thus, a molecular ion generated in an
excited electronic state would undergo a rapid radia-
tionless transition to the ground electronic state. Statis-
tical distribution of the internal energy, which is now in
the form of the vibrational energy in the ground elec-
tronic state, would then determine the reaction rate.
With this assumption, the theory becomes equivalent to
the Rice-Ramsperger-Kassel-Marcus (RRKM) theory [2]
for unimolecular reaction in the ground electronic state.
The theory has been successful in explaining most of the
mass spectral features. Nevertheless, validity of the
assumption of the rapid conversion to the ground
electronic state has been the focus of investigations over
the years [3–5]. Cases to the contrary, i.e., the presence
of isolated electronic states, have been reported. The
most obvious of these is repulsive dissociation from an
excited electronic state [6–8]. Also, elaborate experi-
ments using techniques such as the photoelectron–
photoion coincidence spectrometry provided evidence
for the presence of the isolated electronic states for some
simple systems [9–11].
Recently, we observed a strong photodissociation
(PD) signal at 357 nm for benzene ions generated by
electron ionization [12]. Detailed analysis of its rate
constant and comparison with the RRKM rate calcula-
tion showed that the dissociation occurred at the inter-
nal energy of 6.1 6 0.1 eV above the ground state, which
was larger by 2.6 6 0.1 eV than the photon energy
absorbed (357 nm, 3.47 eV). More surprisingly, the PD
signal was not quenched easily when collisional relax-
ation of benzene ion was attempted by symmetric
charge exchange in the high pressure ion source. This
led us to postulate that electron impact generates some
benzene ions in an isolated electronic state which sur-
vive during the tenth of a microsecond needed for the
flight from the ion source to the photodissociation
region. It was proposed that symmetric charge ex-
change cannot reduce the population of benzene ion in
this state because the ionic product of the reaction is in
the same state.
C6H6
1z† 1 C6H63 C6H6 1 C6H6
1z† (1)
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As a further test of the above postulation, we added a
small amount of reagent gases (A) with a wide variety
of ionization energy to the ion source maintained at
high benzene pressure and observed the generation of
the reagent gas ion by charge exchange ionization.
C6H6
1z 1 A3 C6H6 1 A
1z (2)
Since the ionization energy (IE) of benzene is 9.243 eV
[13], one would expect that ionization by charge ex-
change would be possible for reagents with IE less than
9.243 eV and not otherwise. Instead, we observed that
the threshold was at the ionization energy of 11.5 eV,
that is to say, reagents with IE less than this were being
ionized while ionization did not occur for reagents with
IE higher than this. This confirmed our postulation on
the presence of a long-lived isolated electronic state of
benzene ion at ;2.3 eV above the ground state, B˜2E2g
state being the most probable candidate.
Using the same techniques, we attempted to find the
evidence for the presence of the isolated electronic
states in other ionic systems. We have found, however,
that the above techniques are not generally applicable.
For the photodissociation kinetic technique [14, 15] to
be applicable, the molecular ion of interest must absorb
at the wavelength range covered by strong continuous
wave lasers and must also dissociate on the nanosecond
to ;low microsecond time scale. Furthermore, reliable
rate-energy data, which are needed for the comparison
of experimental results, are available only for a limited
number of ionic systems. In the case of the charge
exchange ionization in the ion source, various compli-
cations can arise because both the reagent and sample
are mixed in the ion source and ionized together [16]. In
fact, the previous study on the benzene system should
be regarded as fortunate because benzene is a favorable
reagent for chemical ionization [17]. A better method
than the charge exchange ionization in the ion source
would be to separate spatially the ionization and charge
exchange regions. Such types of apparatus were built in
the early days of the charge exchange ionization mass
spectrometry and used to measure accurately the cross
sections, appearance energies, etc [18–21]. Instead of
building a sophisticated instrument, we simply modi-
fied a commercial double focusing mass spectrometer,
which turned out to be adequate for the present pur-
pose. The results from the investigation are reported in
this paper.
Experimental
A schematic diagram of the double focusing mass
spectrometer with reversed geometry VG ZAB-E
(Manchester, UK) is shown in Figure 1. Benzene was
introduced into the ion source via a glass capillary
connected to a reservoir (septum inlet) and ionized
under the electron ionization (EI) or chemical ionization
(CI) condition using 20 eV electron energy. The ion
source temperature was maintained at 140 °C. The CI
experiments were carried out at the benzene pressure of
0.02 or 0.1 torr in the CI source. Ions generated in the
source were accelerated with high voltage (Vs) of 4 kV.
1,3-butadiene was purchased from Matheson (Parsip-
pany, NJ) and other chemicals from Aldrich (Milwau-
kee, WI). All the chemicals were of the highest purity
commercially available and were used without further
purification.
Collision Cells
To investigate the charge exchange ionization of re-
agent gases by benzene ion, two collision cells were
utilized, the first cell located between the ion source and
the magnetic sector and the second cell between the
magnetic and electric sectors. The second cell is as
designed by the manufacturer and can be floated at a
high voltage. In the original design, the first collision
cell was located after the Y-focusing electrodes. For this
work, we redesigned the assembly in such a way that
the collision cell was located in front of the Y-focusing
electrodes (see the inset in Figure 1). Also, the collision
cell was modified to be floatable at a high voltage, and
a repeller plate was installed. Thus, the first collision
cell in its present form functions as the ion source for
the reagent gas with the ionization achieved by collision
with the primary ions entering the cell.
Principle of the Method
Our aim in this work is to obtain evidence for the
presence of primary ions in long-lived excited electronic
states by observing charge exchange ionization (eq 2) of
various reagent gases with different ionization energies
occurring in the collision cell. When the primary ion has
large translational kinetic energy, not only the charge
exchange ionization but also other processes such as the
collisional impact ionization can generate ions from the
Figure 1. Schematic diagram of the double focusing mass spec-
trometer with reversed geometry (VG ZAB-E). The inset shows
details of the first collision cell assembly modified for charge
exchange study.
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reagent gas [22]. Decelerating the primary ion would be
necessary to eliminate the latter processes. However,
when the translational energy of the primary ion is
reduced to near thermal level, it diverges in, or even
before entering, the collision cell, which results in poor
reagent ion signal. It will be seen in the next section that
deceleration of the primary ion to near thermal energy
is not needed and fairly good results can be obtained
with deceleration to ;50–100 eV.
When a primary ion, m1
1, with translational energy
eVs is injected into a collision cell containing a reagent
gas, three types (I, II, and III) of ions may exit the cell,
the primary ion itself (type I), its collision-induced
dissociation product m2
1, (type II), and the ions gener-
ated from the reagent gas (type III). When a high
voltage, Vc (,Vs), is applied on the collision cell, the
translational energies of these ions exiting the cell are as
follows [23].
Type I, KI 5 eVs (3)
Type II, KII5e[Vc 1 (m2/m1)(Vs 2 Vc)] (4)
Type III, KIII 5 eVc (5)
When the second collision cell is used, these three types
of ions can be readily distinguished by measuring their
translational energies with the electric sector. However,
it is not possible to determine whether the type III ions
generated are the molecular ion of the reagent gas, its
fragments or reaction products, or a mixture of these.
Identity of the type III ions can be determined by
performing an experiment using the first collision cell
and analyzing ions with the magnetic sector. The mass
(m) of the ion with the translational energy eV and the
magnetic field B of the sector with radius r needed to
transmit it are related [24] by
m/z 5 B2r2e/2V (6)
Then, using the translational energies in eqs 3–5, the
peaks in the mass spectrum recorded by scanning the
magnetic field can be identified. As a further check, one
can set the magnetic field to transmit a particular peak
in the mass spectrum and measure its translational
energy by scanning the electric sector potential as in the
usual mass-analyzed ion kinetic energy spectrometry
(MIKES) [25]. All the type III ions must appear at the
translational energy of eVc (eq 5) in the MIKE spectrum.
One may also record the type III ions only by setting the
electric sector potential to transmit ions with the trans-
lational energy eVc and scanning the magnetic field.
This is not yet possible with the present apparatus.
Results and Discussion
Since the ionization energies to the ground and long-
lived excited electronic states of benzene ion are 9.243
and ;11.5 eV, respectively, we chose five molecules
with ionization energies slightly below or above these
values as the reagents. These are 1,3-C4H6 (butadiene)
[26], CS2, CH3Cl, CH3F, and CH4 with the ionization
energy [27] of 9.08, 10.07, 11.22, 12.47, and 12.51 eV,
respectively. Energetics consideration dictates that only
1,3-C4H6 can be ionized by charge exchange with the
ground state benzene ion while 1,3-C4H6, CS2, and
CH3Cl can be ionized by the benzene ion in the long-
lived excited state. Neither of the benzene states has
sufficient electronic energy to ionize CH3F and CH4 by
charge exchange.
We first attempted to study charge exchange ioniza-
tion of CS2 introduced into the second collision cell.
Benzene ion was generated by 20 eV EI in the ion
source, accelerated to 4002 eV, mass-selected by the
magnetic sector, decelerated by collision cell potential
of 3902 V, and introduced to the cell. Benzene ion
would then have the pre-collision translational energy
of 100 eV. The pressure of CS2 in the second collision
cell was adjusted to attenuate the primary ion beam
(C6H6
1z) intensity by 20%. A partial MIKE spectrum thus
obtained is shown in Figure 2. Most of the peaks in this
spectrum arose from unimolecular (metastable ion de-
composition) and collision-induced dissociations of
benzene ion, and could be identified using eq 4. A peak,
marked III in the figure, appeared at the translational
energy of 3902 eV which corresponded to the accelera-
tion energy resulting from the voltage applied on the
collision cell. The position of this peak changed with the
cell potential exactly as dictated by eq 5, showing that
the peak originated from the reagent gas. As mentioned
Figure 2. MIKE spectrum of the C6H6
1z primary ion generated by
EI. CS2 was introduced into the second collision cell. The acceler-
ation energy for C6H6
1z was 4002 eV. The collision cell potential
was 3902 V. The peak types are denoted. The peak marked
771(MID) is attributable to the metastable ion decomposition of
C6H6
1z to C6H5
1 occurring in the field-free region between the
magnetic and electric sectors.
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earlier, however, ions responsible for this peak cannot
be identified by MIKE spectrometry. Peaks at the same
position were also observed with 1,3-C4H6 and CH3Cl
reagent gases but not with CH3F and CH4, indicating
that charge exchange ionization occurred in the former
three cases.
A similar experiment was done by introducing CS2
in the first collision cell. Figure 3a shows the mass
spectrum recorded under the single-focusing condition,
namely without using the electric sector. The accelera-
tion voltage in the ion source was 4004 V, and 3929 V
was applied on the first collision cell in this case. The
mass scale shown in the spectrum is the one calculated
with eq 6 using the acceleration voltage in the source,
4004 V. Hence, the peaks appearing near the integer
masses correspond to ions generated in the source by
electron ionization. Two peaks appear at the nominal
masses of 74.6 and 76.5. Inserting the collision cell
potential of 3929 V into eq 6, these can be identified as
12C32S2
1z and 12C32S34S1z generated in the collision cell. It
is not certain at this point that these CS2
1z ions are
generated by charge exchange with C6H6
1z. First of all,
these ions may have been generated by charge ex-
change with fragment ions produced together with
C6H6
1z by 20 eV EI of benzene. Most of the fragment ions
appearing in the EI spectra are even-electron species
and their recombination energies, or ionization energy
of the corresponding odd-electron radicals, are usually
lower than the ionization energies of the reagent gases
used in this work. Thus, charge exchange ionization of
the reagent gases by the even-electron fragments can be
safely ignored. The same argument does not apply to
the odd-electron species. Among the major odd-elec-




ing in the EI spectrum of benzene, only C4H2
1z has the
recombination energy [27] larger than the ionization
energy of CS2. In this work, its intensity was reduced to
a negligible level by carrying out electron ionization at
20 eV. The second complication arises from the fact that
both the ion source and the first collision cell are
evacuated by the same pumping system in the present
apparatus and hence some CS2 enters the ion source
and is ionized there. Even though the primary CS2
1z ion
beam intensity thus generated would not be strong, it
may contribute significantly to charge exchange ioniza-
tion of CS2 in the collision cell because the reaction is
symmetric. Presence of the primary CS2
1z (type I) cannot
be determined from the mass spectrum in Figure 3a
because CS2
1z and its isotopomer overlap with the
benzene ion and its fragment at m/z 78 and 76. To see
the effect of the reagent gas leakage on the ion source
more clearly, we recorded the 20 eV EI mass spectrum
of C6D6 with CH3Cl in the first collision cell (Figure 3c).
In this spectrum, m/z 52, 54, and 56 correspond to the
type I ions of C4D2
1z, C4D3
1, and C4D4
1z, and m/z 48.7 and
50.6 correspond to the type III CH3
35Cl1z and CH3
37Cl1z,
respectively; m/z 50 can be the type I ions of C4D
1,
CH3
35Cl1z, or their mixture. In comparison with the mass
spectrum recorded in the absence of the reagent gas, we
estimated that 75% of the m/z 50 intensity was C4D
1
and the remainder CH3
35Cl1z. Thus, the type I CH3Cl
1z is
weaker than that for type III in the mass spectrum and
is not likely to contribute significantly to the type III
signal.
An easy way to eliminate the above complications, at
least in the case of benzene, is to use a CI source and
increase the benzene pressure in the source. Figure 3b
shows the mass spectrum recorded at the benzene
pressure of 0.02 torr, (called CI1 condition in our
previous paper) with CS2 in the first collision cell. Not
only the fragment ions from benzene but also the type
I CS2
1z (m/z 76) ions are virtually absent in this spectrum.
Figure 3. Mass spectra obtained under the single-focusing con-
dition. The acceleration energy in the source was 4004 eV and the
collision cell potential was 3929 V. C6H6 and CS2 were introduced
into the ion source and the first collision cell, respectively. C6H6
was ionized (a) by EI and (b) by CI at the 0.02 torr source pressure.
(c) C6D6 and CH3Cl were introduced into the ion source and the
first collision cell, respectively and C6D6 was ionized by EI. The
instrument was tuned to maximize the type III ion signals. The
types of the major signals are denoted.
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Nevertheless, the type III CS2
1z ions appear prominently
at m/z 74.6. These ions must then have been generated
by reaction of CS2 with benzene ion. Further evidence
showing that this reaction is the charge exchange with
benzene ion in the long-lived excited electronic state
will be presented later. We will point out here that this
long-lived state persists in the CI1 condition, namely at
the source benzene pressure of 0.02 torr, according to
our previous study [12]. We also recorded the MIKE
spectrum with the magnetic sector set to transmit the
type III CS2
1z ion, Figure 4. A single peak appears at 3929
eV in the MIKE spectrum, as expected for a type III ion
generated in the collision cell floated at 3929 V.
We have mentioned earlier that not only the charge
exchange but also other processes such as collisional
impact ionization may contribute to the above type III
ion signal. Checking such a possibility is all the more
important because the mass spectral data presented so
far were obtained at the inside-the-cell primary ion
translational energy (K 5 eVs 2 eVc) of ;50–100 eV,
which is much larger than thermal. In this regard, we
measured the relative yield of the reagent gas ions,
I(A1)/I(C6H6
1z), as a function of the primary ion trans-
lational energy for the five reagent gases adopted in this
work. The results obtained with benzene ions generated
under the CI1 condition are shown in Figure 5a. It is to




1z, which can be generated via electronically
exoergic charge exchange with C6H6
1z in the long-lived
excited state, remain high up to ;100 eV of the primary
ion translational energy and then decrease at higher
energy. On the other hand, charge exchanges of CH3F
and CH4 with C6H6
1z in the long-lived excited state are
electronically endoergic and the corresponding prod-
ucts, CH3F
1z and CH4
1z, are barely detectable at low
energy. Their production at higher collision energy
($400 eV) with much smaller cross sections than the
above exoergic cases is likely due to collision-induced
endoergic charge exchange or collisional impact ioniza-
tion [28]. We are not much interested in the exact nature
[29, 30] of the mechanism involved in the generation of
the reagent gas ions at high energy. The main highlight
of the data in this figure is that reagent ions which can
be generated by exoergic charge exchange with C6H6
1z
in the excited state are produced with good yields at the
primary ion energy of ;50–100 eV and not for ions that
require endoergic charge exchange.
As a further test of the method, we repeated the same
experiment, but using benzene ions generated at the
higher CI source pressure of 0.1 torr. This was called the
CI2 condition in the previous work which found that
Figure 4. MIKE spectrum recorded by setting the magnetic field
to transmit the C32S2
1z (III) ion in Figure 3(b) and scanning the
electric sector.
Figure 5. Relative yields of the reagent gas ions, I(A1z)/I(C6H6
1z),
versus the primary ion translational energy. Benzene ions were
generated by CI at (a) 0.02 torr (CI1) and at (b) 0.1 torr (CI2) source
pressures. Charge exchange ionization was carried out in the first
collision cell. For consistency, the instrument was tuned to maxi-
mize the primary ion signal. In (a), CH3F
1z and CH4
1z signals were





1z were not detectable at low energy in (b).
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benzene ions were completely relaxed to the ground
electronic state under this condition [12]. The data in
Figure 5b show that 1,3-C4H6
1z is generated with high
yield at ;50 eV of the primary ion translational energy
while the molecular ions of the remaining four reagents
were not observable. This is compatible with the fact
that charge exchange of 1,3-C4H6
1z with benzene ion in
the ground state is electronically exoergic while those
for the other reagents are endoergic. The results in
Figures 5a and b strongly suggest that prominent re-
agent ion signals are attributable to the electronically
exoergic charge exchange, even at 50 eV of primary ion
translational energy.
Atomic charge exchange processes have been
heavily investigated over the years [22, 31–33]. It is well
known that the cross section for a symmetric charge
exchange is at a maximum at the thermal energy and
decreases with increasing impact velocity. On the other
hand, the cross section for non-symmetric charge ex-
change is small at low impact velocity, rises to a
maximum, and falls off as the velocity increases. It is
also known that the impact velocity at the maximum
cross section is well predicted by Massey’s adiabatic
criterion. Polyatomic charge exchange has not been
investigated as much [18, 19]. However, it is well
known in the field of chemical ionization mass spectro-
metry [16] that the electronically exoergic charge ex-
change is especially efficient. It is thought that the
negative energy defect, or exoergicity, is compensated
by vibrational excitation of products, rendering the
process energetically symmetric, or near resonant. We
have shown here that the same reasoning may also hold
for the charge exchange by ions in the excited electronic
state. To test the exoergicity rule, we performed addi-
tional charge exchange experiments for the reagent
gases used in this work with the primary ions generated
from these gases, in various combinations. The only
exception to the exoergicity rule was the electronically
endoergic reaction CH3F
1z 1 CH4 3 CH3F 1 CH4
1z,
which showed a good yield at low translational energy.
This is not surprising, however, because the cross
section for this reaction with very small endoergicity
(0.04 eV) is expected to be large even at a low primary
ion translational energy according to Massey’s adiabatic
criterion; for sample calculations, see [34].
Conclusion
Most of the experimental methods employed so far to
find the presence of isolated electronic states rely on the
measurement of dissociation or fluorescence from these
states. These methods are often useless when the ex-
cited state of interest is non-fluorescing and lies well
below the dissociation threshold such as the benzene
ion in the B˜2E2g state. Charge exchange ionization in
collision cells investigated in this work can be useful in
such cases. The present observation that the cross
sections for electronically exoergic charge exchange
reactions are much larger than endoergic reactions and
hence discernible will be particularly useful in making
a reasonable estimate for the energy level of the excited
state involved. Also, the fact that a large difference in
cross sections can be observed at ;50–100 eV of the
primary ion translational energy means that a simple
instrumentation can be used for such an investigation.
Even though the method can detect the presence of
long-lived excited electronic states, it is not adequate for
determining the identity of the state. Development of
spectroscopy based techniques will be needed for this
purpose.
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